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I.~ Princinic of ‘the method

The seattering of X-Rays by a perfect cryustal cutside of the Bragg-Loue
diffraction c¢irections 5 due to the thermol agitotion scnttering ond the incoherent
Compton scattering, These scattorings tond respeciively towards a smell value and
zere vuen the secattering angle tends toverds zero.

I the crystel contains point defecis, os iuol-eed vacansics or intere
stitials, theory shows that a secattering crises promortional to the sqrore of
difference of the scattering factor of the cell containing the point defoct ond of
the norncl unit cell., For instance, let ua suppose thut isolated vasarcies producing
negligible lattice distorsions are dispersed ot rondam in a sisple crystel contcinirg
one ctom of asecattering factor F per unit cell, then the scattering power per unit
cell is 3

I=CF (1)

if C is the proportion cf nmicsing atons. This formula shows thot the scattering
choracteristic of point defacls has the same voriatior aa Fz, i.e. it in naximun

at gero an;le and dncreases slowly ond ronotcnically wall increcaing wngle. In fact,
it is practically constant for scottering angles below 10° wita the radiation Cu K.
Purthermorc, its value is very wealr because the concentration of vacancies is
alwvays small.

If the defect is not pwiciurl, the scattering becomes more and more
concentrated around the directicn of the primary beam as the sigze of the delect
increases cind, on the other hand, the nrximum value of the scattering at zoro
angle incrocses (fig. 1). Lot us suppose thot the € vacencica are grouped into small
aggregotos of n vacancies dispersed in the lattice (which is supposed to remnin
little distorted), the maxirmm scattoring is I, =§ R a(c Fz). (2

another possible aprlication of tho method is thoe study of a completely
disordered seolid solution. If the alloy composied of two atoms of azcntiering
factors F, and FB’ in propereicn C A and CB (c y t CB = 1) is conmpletely dimordercd,

ey

tho acottored intoneity per unit cell is given by the 'Loue formula' @

2 -
IacC, cB(FA - FB) . ()




This 'Lave monotonic'! ”cwtterinb is moximum ot zero angle and remcins practically
unchanged for angles below 10°, It is opprox1mutely equal to C (F - FB)2 if
C CZ CA and its maximum value would be -(F - F ) if there ex1sts an equiatomic

solld solution perfectly disordered.

If the observed scattering is not equal to the caloulated
value by the Loue formula, that means that the B atoms are not randomly dispersed
in the s01id solution. If the scattering in the small angle region is larger,it is
on indication of the clustering of B atoms. On the other hand, if the intensity of
scattering ic smoller than the Loue monotonic scattering, there is o tendency
towards ordering between the A and B atoms. In addition, in the first case, the
intensity of scattering should be decrecsing with angle if the clusters are not
too small and, in the second case, diffuse moximumsncy be observed ot the position

of possible superloattice diffraction spots.

These examples show that the measurement in cbsolute value of the
scattered intensity at small angle moy give interesting information about point
defects in a ciystcl. The measurements at small angles cre especially advantageous
because the other couses of scattering (Compton ond thermal agitation) are at
o minimun in this domain, =nd one ¢on hope to detect o very weok scattering.

But to exploit fully the possibilities of this method, it is necessary to have

an apparatus of sufficient sensitivity.

11.- Description of the apparatus

The mcin problem in ordinary X-Roy diffraction studies is to determine
a curve of the intensity as o function of angle, which, in general, may contain
more or less sharp peaks. Therefore the accuracy of determinntion of the
scattering angle is considered as an essential condition. But in our special
problem, e consider only samples where the scattering is independent of angle
or very slowly varying. In these particular cases, it is therefore unnecessary
4o limit the solid angle which defines the diffracted beam received by the counter
at ¢ very small value &5 in the ordinary diffractometer. Furthermore, the
scattering we cre looking for is isotropic : hence we can increase the aperture
angle of the measured scattered beom and so increase considerably the sensitivity

of the recciver whereas the angular resolving power is very much decrecsed.
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The mcin features of the apparatus built by Aldi. Levelut according to these
ideas ore the following, The berm irradiating the sample is crystal-monochromated
and it converges on a small focus., For this purpose, the monochromator (a LiF
lamelle) hos been given a double curvature : the lamella (.2 mm thickness) is
pressed ond glued cpgainst a concave toroidal metallic surfoce vhose principal radii
ere R =350m and R, = R, sin® 0, =5L5m: , %
(2c0) »planes and Cu Kx, The monochromatic reflected beam heos an operture of 1°

and p15! ir the two directions; its intensity is not quite uniform because of the

being the Brogg cngle for the

defects of the LiF crystul and perhaps irregularities of curvature. But the actual
focus is o small rectangle of .5 X 1 mm. The sample is ploced on the reflected
beam between the monochromntor and the focus at zbout 35 mm from this focus.
Thus its irradicted surfoce is of the order of .7 X 1.5 mm ond its thickness

iz adjusted ot 2 to ;2; (p, mass cbsorption coefficient; p, density) : it is
higher thein the thickness (l/p p) giving the nnximum senttered intensity, but the
rotio of the scottered irtensity to the pornsitic rodiction coming from the
morochronator iz reduced.,

I

The direct beam is stopped by ¢ beam-catcher and the scattered beom is
defined by o ring-shoped slit, the oxis of which is the avernge incident ray [Tic. 2).
The diff{racted beom is limited by two cores of semi-cpex ongle, & ond £€+40E& .
By using different prirs of screens and nlso dilferent sample to screen distances,

€ mny be Tixed ot o value comprised between 2° 40* ond 6° 20! and AL fixed at

30t or 40',

The receiver must be able to count ~ny photons passirg through the
cinular slit with the scme efficiency : it must thus have an uniform sensitivity
over o front surfnce of rnecrly 40 mm dirnecter, This is possible by using o large
scintillotor ciystnl placed before o photomultiplier. It has been verified that
the sensitivity ucs constant over the effective window. It is nbsolutely necessary,
to rench the denired sensitivity, to eliminate as far as possible any stray
radiction i the beam reaching the counter. Thercfore the scintillator and the
sanple ore placed in an evacunted box (Fig. 3) to avoid air senttering by the
dircct beam. The box is closed by o perspex window scintillator ~nd the Pul. is
situated in cir outside the box. A system of slits (Fl and F2) before the sample
are carcfully adjusted to stop the roys seattered by the monochromctor without

touching the main primary beom.



A nev apparatus built on the same principles is now in construction.
The adjustment of the screens is made easier -nd the sample ¢21 be heated or
cooled to liquid N2 temperature.

IIT.- Limit of the sensitivity for detection of wenk scattering

The limiting sensitivity depends mcinly on the level of the background
of the pulses registered by the counter when there is no sample on the incident
beam : it is the sum of the proper background of the counter and of the pulses due
to stroy radictions in a blank experiment. Ve shull admit thot the smallest
neasurcble scattered intensity is equal to the background intensity, Ep' let I be
the scoitering pover per atom of the sample, S cnd x the surface cnd thickness of
the irradicted volume, p and p, the mass zboorpiion cuefficient and the specific mass,
4, the atomic moss. IO’ intensity of the incidert beom, is equal to EO/S, E0 being
the energy in the incident beam.

In the solid argle ) of the been cnteriﬁg the counter, one single free
electron enits an energy equal to : 7,9 10-2°fl -é% « Therefore the scattered
intensity produced by the sample is

3xp

~2im Bo
L=79 10 ‘.Q-g-x. = exp(~y p x) .

4/5.06 10

-

Tor the volue x = s the minimuwm detectotle scottering power is

h &
el

I =

n L Av

*
] ij

o _
For our preseunt apparatus, =107 and §) mey be 2 10 5; for isolated vocancies,

E
I is given by £g.(1) ond the minimum concentration of vaconcies which can be
dotected is found 2.7 107 for K1; 1.5 10~ for Cu; 3.7 10~ for Ag; 2.4 10

for gold, ctc.

S
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In foct, the measured scattering hos to be corrected for Compton and
thermel ogitotion scattering which is cquivalent to the scattering power of o few
thousandthgigﬁ vaconcies. The most precise method is to compore two crystals of the
scme noture/end without vacencies, and ~lso to make the measurement at a low
temperctures The most interesting conscquence of this colculation is to give an

order of mognitude of the aveilable sensitivity. It is likely that progressive



-5

improvenents of the apparatus may increase slightly its performance and it must be
noted thet there is an important progress in comparison with a conventional
diffractoneter.

IV.~ Some examnles of studies of point defects

These cxamples have been chosen to test the possibilities of the

apparatus cnd the eperimental method in different kinds of problems.

1) Verification of the Laue equation for disordered solid solutions
.¢ ncve tried to prepare o 30lid solution to see if a perfectly disordered
s0lid solution can exist in equilibrium, Such experimental tests of the Laue

equation hac not been reported.

Tr. the aluminium-based alloys,A’-Ga is tlic most favourable system, because
the linit of solubility of Ga in Al is high ( 15 at. o/o) and the difference between
the atonic numbers is large. For a Al-7,4 7. Ge alloy homogeneized at high temperature
and slovly cooled, the agreement is very satisfactory between the measured
scatterin and the calculated value corrected for Compton and thermal scattering
the Compton scattering has beex caleculated from the theorectical values siven in
Interrational Crystallographic Tables znd the thermal scattering has been assumed

to be equal to chat of pure aluminium (Fig. <).

i sinilar good agreement has been found for en al=.4% > Cu alloy after
a long amnecling at 400° C, in the region of homogeneous solid solution end quenched
at room tormerature. This sample hos been compared to pure aluminium and to the sane
A1-45 0 Cu wlloy very slovly cooled from 200° € (15 days from 400 to 200° C).
after thi~ trecatnent, the copper is nrecipitated and the matrix according to the
equilibrivn diagram contains less than .25 ;. Cu. These two mctals give just the
scattering cue to Compton effcet und thermal agitation (Fig. 9). The excess

scattering of the solid solution il Cu is just equal to the Laue scattering.,

2) % ihesc examples of perfectly disordered solid solutions are rather
cxcertional. In .08t cases, the repartition of tlie soluted atoms is not random,

cither by a parstial scegregetion or by a partial ordering.

I, iz well=knowm that in Al-Zn alloys, segregation of Zn into C.I. zones
occurs imiedictely after quenching, even at very lov temperztures. Thesc zones can

be dissolved by a reversion treatment (4 mn at 200° C) and it was belioved that



in this state the atoms were randomly dispersed. But we have found that the
scattering of reverted 4Al-4,5 ¢ Zn alloy was twice the Laue scattering just after
the reversion treatment, That means, according to Eq. 2, that Zn atoms are already
grouped on the average in clusters of two atoms. At room temperature, the alloy

is not stable and the scattering increases:after an hour the first G,P. zones are
observed, thc scattering is no more decreasing from zero angle but there is

a maximum ('ring') at an angle of 3¢ 40! (Fig. 6). This evolution of the alloy cannot
be detected by ordinary methods of X-Ray scattering measurement : the first change

is sensible aiter one month of aging at room temperature.

On the other hand, we have found that the scattering of a Cu-10 o/o Au
alloy gives a scattering smaller than the lLaue scattering. That means that the
repartition of the Au atoms is not quite random and that there is a tendancy to
ordering : in the first shell of neighbours around an .u atom, there are less Au
atoms than the random proportion. Of course the value of scattering at O angle
alone is not sufficient to calculate the short range ordsr coefficient, but it
detects this very small difference with perfect disorder which would not be visible

in a conventional scattering diagram.

3) Imsurities in an ionic crystal
Single crystals of LiF with different impurity contents have been

compared, The nain impurity is lmown to be iig and we have especially used the purest
possiblc sample and a sample containing 100 p.p.m. of lig. Fig. T gives the
differcnce between the scattering of the two samples : thus Compton and thermal
scatterings are eliminated with a satisfactcry accuracy. The result is found 1) much
t00 high to be due to isolated Hg++ ions dispersed in LiF lattice, 2) not constant
but decreasing vith angles. The corclusion is that the Hg*+ impurities cannot te
congidered as point defects : they are probably grouped in such a way that there
exist clusters of a few cells(about 10) in vhich the electronic density is different
from the normal. But for the moment, we are not able to give a more precise model of
thege defecta.

4) Padiation demage in LiF
The defects provoked by neutron irradiation in LiF vhich have been studied
previously by i-Ray scattering are relatively large defects, condensation of
vacancies or of interstitials. They occur for heavy irradiation doses and eventually

subsequent annealingc.But it is expected that the beginning of the process is the
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Tormation of isolated defects vhich may cluster vhen they are numerous enough and
vhen the tempcrature of the crystal is sufficient to allow diffusion. Therefore
we have gtudled the scattering of irradiated IiT crystals and here are the results
of some preliminary exmeriments.

14

a) The effect of irradiation is scnsible for doses above 10 n/cm2 (irradiation at

: . : . A 1 2
pile temperature) vhereas ordinary mcthods are insensitive up to doses of 10 7 n/cn.

b) The scattering is not angle independent in the smell ansle rezion. Therefore
the defcets produced by neutron irradiation are not only vacancies and interstitials,

but even for small radiation doses, there are already large defects.

Conclusion

These first experiments show what kind of information may be drawm from
the measurencnts ol week X-Ray scatterings. They also give an idea of the sensitivity

which can be reached.

sone inmprovements of the apparatus have been sujgested by these experiments.
It appeared nccessary to vary the temperature of the specimen and especially to cool
it dowm to liquid H2 tenperature; bocause of that one could nake & better correction

for themmal scattering anc alsc the limit of sensitivity would be increased.

Tnis mcthod is able to supplement the other X-Ray methods in the study
of solid wolutions and radiation damages. An unexpected result has been found in
the case of lithium fluoride containing a small amount of impurities, because the
observed ceottering i3 much higher than if the foreign ions vere dispersed and

substituted to normal ions in the undeformed lottice.
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